the Japanese spacecraft Hayabusa2, arrived at the small asteroid Ryugu. The surface of this C-type asteroid is covered with numerous boulders whose size and shape distributions are investigated in this study. Using a few hundred Optical Navigation Camera (ONC) images with a pixel scale of approximately 0.65 m, we focus on boulders greater than 5 m in diameter. Smaller boulders are also considered using five arbitrarily chosen ONC close-up images with pixel scales ranging from 0.7 to 6 cm.
Introduction
Boulders on an asteroid provide an opportunity to study the physical properties and the geological evolution of the asteroid's surface, as well as its collisional history as evidenced by craters. In general, boulders are produced either by impact cratering or catastrophic disruption of the parent body, or a combination of the two. For instance, most boulders on relatively large asteroids, such as Eros (34 × 11 × 11 km; Veverka et al., 2000) and Ida (59.8 × 25.4 × 18.6 km; Belton et al., 1996) , are considered to be the products of impact cratering (Lee et al., 1996; Thomas et al., 2001 ). On the other hand, most boulders on relatively small asteroids, such as Itokawa (0.535 × 0.294 × 0.209 km; Fujiwara et al., 2006) , Bennu (0.565 × 0.536 × 0.498 km; Lauretta et al., 2019) and Toutatis (~4.6 × 2.3 × 1.9 km; Huang et al., 2013) , are considered to be the products of catastrophic disruption of their parent bodies (Fujiwara et al., 2006; Michikami et al., 2008; Jiang et al., 2015; Michel and Richardson, 2013; DellaGiustina et al., 2019) .
The recent exploration of near-Earth asteroid Ryugu by the Japan Aerospace Exploration Agency's (JAXA) Hayabusa2 spacecraft yielded the first high-resolution images of the surface of a C-type asteroid. The size of Ryugu (1.04 × 1.02 × 0.88 km, Watanabe et al., 2019) is intermediate between Itokawa (or Bennu) and Toutatis. Images taken by the optical navigation cameras (ONCs; Kameda et al., 2017) on board the Hayabusa2 spacecraft showed that Ryugu is covered with a large number of boulders, whose appearance is somehow similar to those on Itokawa. The bulk density of Ryugu is 1190 ± 20 kg/m 3 , which implies high porosity (> 50%) for a carbonaceous asteroid (Watanabe et al., 2019) . The existence of numerous boulders and the derived high porosity of Ryugu indicate that Ryugu is a rubble-pile asteroid (Watanabe et al., 2019; Sugita et al., 2019) . These observations support the theory that most small asteroids in the size range from sub-km to km are rubble piles, and most boulders on these asteroids may be fragments that formed by catastrophic disruption of their parent bodies. That is, the existence of numerous boulders on small asteroids is considered to be common. For instance, asteroid Bennu, recently explored by NASA's OSIRIS-REx mission, also has numerous boulders on the surface (Lauretta et al., 2019) . Boulder counting provides critical constraints on the formation and evolution of these asteroids.
The purpose of this study is to analyze the boulders on the surface of Ryugu quantitatively and discuss the formation and evolution of Ryugu. To this end, we investigate the size distribution, the spatial distribution and the shape distribution of numerous boulders on Ryugu based on images taken by the Hayabusa2 spacecraft.
Methodology
Wentworth (1922) defined blocks of 4-64 mm as pebbles, 64-256 mm as cobbles, and > 256 mm as boulders, respectively. In this paper, we define a boulder as an isolated positive relief feature with a size larger than 256 mm on the surface of an asteroid. Boulders on Ryugu show various geomorphological characteristics. Some have distinguished outlines relatively easy to trace, while others are partially buried or weathered with obscured outlines. Some appear as piles of gravel or a part of a geologic feature such as protruding bedrocks, raised crater rims, or intersecting crater walls. The number of ONC close-up images is limited, but they clearly show some boulders are largely buried in the finer particles of the regolith layer. In fact, there are considerably more partially buried boulders on Ryugu than there are on Itokawa. This makes it difficult to identify geomorphological variations of boulders from Hayabusa's nominal hovering position (a.k.a. home position) at an altitude of about 20 km. Thus, in order to obtain the size distribution of boulders on the entire surface of Ryugu, we analyze ONC images taken by the spacecraft at an altitude of about 6.5 km (resolutions~0.65 m/pixel) on 20th July 2018. We extract the features that help identify a boulder by comparing multiple images stereographically. We also study small boulders, cobbles and pebbles with sizes of 0.02 to 9.1 m from close-up images of narrower localities taken at altitudes from 67 m to 620 m on 21th September 2018. The locations of the areas considered and corresponding results are described in Section 3.3.
Boulders larger than 2 m are mapped on a global scale and are measured on the shape models of Ryugu (SFM20180804; Watanabe et al., 2019) using the Small Body Mapping Tool (SBMT; Mazrouei et al., 2014; Ernst et al., 2018) . Boulders are mapped out as ellipses, where the semi-major and semi-minor axes provide a long and short axis for each boulder. In this study, the mean horizontal dimension of a boulder is defined as the arithmetic mean of these two axes. Note that T. Michikami, et al. Icarus 331 (2019) 179-191 this study extends the boulder counting by Sugita et al. (2019) , who defined the size of a boulder as the maximum dimension of the positive relief features on the surface. On five close-up images on the SAOImage DS9, small boulders, cobbles and pebbles with sizes of 0.02 to 9.1 m are mapped, and their sizes determined.
Note that there is observational bias on the global mapping of boulders; boulder mapping is affected by variations in spatial resolution and in the availability of stereographic coverage. The regions in the mid and low latitudes are viewed from hundreds of images at resolutioñ 0.65 m/pixel and with substantial stereo coverage. On the other hand, high latitude regions are viewed from only several images at resolutioñ 2 m/pixel and with no stereo coverage. Therefore, some boulders located at high latitude are not taken into account in our data.
Observational results

Global boulder size distribution
Nearly 9700 boulders larger than 2 m in diameter were measured and a total of~4400 boulders larger than 5 m were observed over the entire surface area of~2.7 km 2 ( Fig. 1) . The spatial resolution of the entire asteroid surface imaged by the spacecraft imposes no restrictions on the critical size of 5 m. Fig. 2a shows the cumulative boulder size distribution per unit area across the entire surface of Ryugu. Importantly, the number density of boulders larger than 20 m on Ryugu is 50 km
, which is twice as large as that (~25 km −2 ) on Itokawa (Mazrouei et al., 2014) or that (~28.2 km
) on Bennu . To help highlight minor variations in the size distribution within narrow size ranges, the R-plot size-frequency data for boulders larger than 5 m on the entire surface of Ryugu is shown in Fig. 2b . Boulders larger than 40 m are rare on Ryugu.
The largest boulder, whose size is~160 × 120 × 70 m, is located near the south pole and is called "Otohime". This size is too large for it to be considered a part of ejecta even from the largest crater of Ryugu (Sugita et al., 2019; Cho et al., 2019; Morota et al., 2019) . The size ratio of the largest boulder (mean horizontal dimension~140 m) to the largest crater (300 m) on Ryugu is~47%, which is extremely high. By comparison, on small asteroid Itokawa, the size ratio of the largest boulder (40 m; Saito et al., 2006) to largest crater (134 m; Hirata et al., 2009) is~30%. Moreover, on Bennu, the size ratio of the largest boulder (longest dimension~56 m; Walsh et al., 2019) to largest crater (150 m; Walsh et al., 2019) is~37%. These are considered significantly high, and thus, most boulders on Itokawa and Bennu are considered to be the products of the catastrophic disruption of the parent body (e.g. Michikami et al., 2008; Walsh et al., 2019) . On the contrary, on the relatively large asteroid Eros, the ratio of the largest boulder (150 m) to the largest crater (7600 m) is very low,~2% (Thomas et al., 2001) . Most boulders on Eros are considered to be the products of the impact cratering (Thomas et al., 2001) . Regarding the size of the largest boulder originated from impact cratering, earlier work (e.g. Lee et al., 1996; Thomas et al., 2001) showed correlations between the largest boulder size (L) and the source crater diameter (D c ) for the Moon, the Martian satellites (Phobos and Deimos), and asteroids Ida and Eros. One of the empirical relationships is expressed as L~0.25 D c 0.7 , with L and D c in meters (Lee et al., 1996) . For Ryugu, this relationship is not applicable because the largest boulder is relatively large compared with the largest crater. Therefore, the size ratio of the largest boulder to the largest crater on Ryugu suggests that most boulders on Ryugu are surviving fragments from the parent body of Ryugu, accreted after its breakup.
The power-index of the cumulative boulder size distribution per unit area of Ryugu is obtained by combining a maximum-likelihood fitting method with goodness-of-fit tests based on the KolmogorovSmirnov statistic and likelihood ratios (Clauset et al., 2009; Tancredi et al., 2015) . We find that the power-index of Ryugu's boulders is −2.65 ± 0.05, which is consistent with an initial estimate of −2.5 to −3 by Sugita et al. (2019) .
The slope of −2.65 on Ryugu is less steep than on Itokawa (−3.1 ± 0.1: Michikami et al., 2008; −3.3 ± 0.1: Mazrouei et al., 2014) and other asteroids visited by spacecraft (The range of observed power-index of the boulder size distributions on asteroids is clustered between −3 to −4 (e.g. Bart and Melosh, 2010) ) except for Bennu. The power-index of Bennu's boulders larger than 8 m (longest dimension) is −2.9 ± 0.3 . This is similar to the powerindex of Ryugu's boulders which, for the longest dimension, is , where D is boulder diameter; error bars reflect counting statistics only, not any systematic errors).
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, where D is the boulder diameter, α is the power-index and C is a constant.
The maximum-likeihood indicator of the power-index 0.68 Michikami, et al. Icarus 331 (2019) 179-191 −2.62 ± 0.05. In general, a power-index steeper than −2 is indicative of very fragmented material, and a steeper index is further indicative of greater degree of fragmentation (Hartmann, 1969; Thomas et al., 2001) . In this sense, boulders on Ryugu might have experienced a lesser degree of fragmentation compared with other asteroids. However, the number density of large boulders > 20 m on Ryugu is twice as large as on Itokawa (or Bennu), and the number density of boulders > 10 m on Ryugu is larger than on any other asteroids such as Eros, Itokawa and Toutatis.
Such a high number density of large boulders strongly suggest that Ryugu's boulders were formed due to heavy fragmentation during its parent body's catastrophic disruption. Significantly, close-up images indicate some boulders are buried in the regolith layer (e.g. Fig. 4(e) ). The number of buried boulders is likely to increase as the boulder size decreases. Taking this burial effect into account, the power-index of Ryugu would become less steep.
Note that the power-index of the boulder size distribution changes depending on the methods used for measurement, analysis and statistics. Saito et al. (2006) used the maximum dimension of each boulder as its size and found a power-index of −2.8. On the other hand, Michikami et al. (2008) analyzed boulder size using the mean horizontal dimension and obtained a power-index of −3.1. This difference results from the definition of boulder size (the long shapes of the boulders affect their power-indices). Mazrouei et al. (2014) performed a more detailed study of the size distribution of Itokawa's boulders > 6 m and showed that the power-index is −3.3 if the mean horizontal dimension is used, with the difference to Michikami et al. (2008) being due to the analysis method, i.e. DS9 vs. SBMT.
Finally, we need to confirm our conclusions are not affected by our choice of statistical methods. Clauset et al. (2009) pointed out that commonly used methods for analyzing power-law data, such as leastsquares fitting, can produce substantially inaccurate estimates of parameters in a power-law distribution. They recommend an approach which combines a maximum-likelihood fitting with goodness-of-fit tests based on the Kolmogorov-Smirnov statistic and likelihood ratios. Michikami et al. (2008) and Mazrouei et al. (2014) estimated the power-index of the cumulative boulder size distribution of Itokawa by applying least-squares fitting in the log-log plot. Thus, in order to compare our data of Ryugu with that of Itokawa quantitatively, it is necessary to re-estimate the power-index of Itokawa by the same statistical method of Clauset et al. (2009) . We compute the power-index of Itokawa by using the raw data of Fig. 3 (b) in Mazrouei et al. (2014) and show that the power-index of Itokawa is −3.52 ± 0.20 (Table 1) , which is slightly steeper than the value estimated by Mazrouei et al. (2014) . This updated power-index does not change the observation that the power-index of Ryugu is less steep than Itokawa.
Boulder spatial distributions
Ryugu is a top-shaped asteroid that is symmetric along its axis of rotation, with an oblate shape, and a circular equatorial ridge of 502-meter radius (Watanabe et al., 2019) . A similar shape is also seen in Bennu (Lauretta et al., 2019) . As indicated before, the spatial distribution of boulders larger than 5 m is given in Fig. 1 . Unlike Itokawa, which has clearly visible smooth areas, Ryugu's (and Bennu's: e.g. Walsh et al., 2019 ) entire surface appears to be rough and covered with numerous boulders. The spatial distribution of boulders larger than 5 m appears to be generally uniform, regardless of the locations of large craters. This is important because boulders that originated from impact cratering are usually located near their source craters; for instance, the boulders on Ida lie within or near the rims of the Lascaux and Mammoth craters (Lee et al., 1996) , and most boulders on Eros are located near Shoemaker crater which has a diameter of 7.6 km (Thomas et al., 2001) . On the other hand, boulders originated from catastrophic disruption of a parent body, can be almost randomly distributed -although their distribution critically depends on the re-accretion mechanism. Most boulders on Itokawa are relatively uniformly distributed over the entire surface, with only a slight difference in the rough and smooth areas (e.g. Michikami et al., 2008) . Thus, the uniform distribution of boulders on Ryugu implies that most boulders on this asteroid might have originated from catastrophic disruption of Ryugu's parent body.
Note that Walsh et al. (2019) suggest that the spatial distribution of boulders on the surface of the rubble pile asteroid Bennu is not uniform. However, this suggestion is based on the data of boulders which are relatively large (> 8 m) compared with the size of Bennu. In general, T. Michikami, et al. Icarus 331 (2019) 179-191 the number density of relatively large boulders shows some scatter because there are only few in each area. This indicates that further observations for small boulders might be required in order to better understand the spatial distributions of boulders on the surface of Bennu. Next, we discuss the distributions of boulders as a function of longitude and latitude. Fig. 3a shows the histograms of distributions of boulders in two different size ranges (5-10 m and ≥10 m in diameter) as a function of longitude. The boulders in a given longitude bin are normalized by the corresponding surface area of Ryugu in that bin. The shapes of the histograms are similar regardless of size ranges, indicating that the power-indices of the boulder size distributions by longitude are similar. The longitude distribution in Fig. 3a exhibits two peaks at longitudes 90°-120°E and 330°-360°E. The western hemisphere (160°-290°E), surrounded by troughs, as shown by Sugita et al. (2019) , has a relatively lower boulder density compared with the rest of the surface explores a possible structural formation process of this longitudinal dichotomy). However, the number density of the boulders ≥5 m in each bin differs by only a factor of two. On Eros, however, the boulder number densities for a particular size differ by more than an order of magnitude at different locations (Thomas et al., 2001) . Thus, when compared with Eros, the boulder number density of Ryugu as a function of longitude can be considered to be comparatively uniform. Fig. 3b shows the histogram of boulders in two different size ranges (5-10 m and ≥10 m in diameter) as a function of latitude. Near the poles, the shapes of the histograms are different in the two size ranges. Note that the small number of data points for boulders located north of 60°N and south of 60°S may be insufficient for rigorous statistical treatment. We can only state that the boulder number density in the equatorial region is lower than at higher latitudes as already pointed out by Sugita et al. (2019) . In contrast, on Itokawa, the number density of the boulders is higher in the equatorial region than at higher latitudes (Mazrouei et al., 2014) . One possible explanation for the difference between Itokawa and Ryugu could be the existence of buried boulders in the equatorial region of Ryugu. We discuss this possibility in Section 4.2.
3.3. Small boulder size distributions on five close-up images Fig. 4 shows five close-up images and their context. They were taken at spacecraft altitudes from 67 to 620 m on 21th September 2018 (at latitudes from 10°N to 20°N), before and after releasing the MINERVA-II landers from Hayabusa2. Small boulders, cobbles and pebbles with sizes of 0.02 to 9.1 m are measured from these images. Fig. 5a and b show the size distributions and the R-plot size frequency data of small boulders (including cobbles and pebbles) in five close-up images, respectively. We found a few thousand small boulders in each image. Fig. 5b indicates that the number densities of these small boulders are high, implying the surface is close to the saturation with boulders. The size distributions in Fig. 5a appear to overlap and form a straight line. However, the power-index of each size distribution is slightly different. The power-index of the boulder size distribution for each image is also derived by the approach suggested by Clauset et al. (2009) (Table 1) . The results indicate that the slope (the power-index) of the size distribution gradually decreases with decreasing boulder size. The powerindex of the size distribution of small boulders with sizes of 0.1-4.1 m (Fig. 4c) , and with sizes of 0.02-3.26 m (Fig. 4f) are −2.01 ± 0.06 and −1.65 ± 0.05, respectively. This implies that some boulders are buried in finer particles, which will be discussed in Section 4.2.
Boulder shape distributions
The boulder shape distribution also provides information related to the formation of the boulders on the surface. According to Michikami et al. (2016) , in laboratory impact experiments, the shapes of fragments defined by the maximum dimensions of the impact fragments in three mutually orthogonal planes (a ≥ b ≥ c) are strongly dependent on the degree of fragmentation of the target. Specifically, the mean c/a ratios of the relatively large fragments gradually decrease with decreasing impact energy per unit target mass; in other words, the relatively large fragments produced by low-energy impact cratering tend to have flat shapes while those produced by catastrophic disruption have oblate shapes. On the other hand, the mean b/a ratios of the fragments are almost constant, independent of experimental conditions such as the degree of fragmentation, target shape, composition and strength (Although Ryugu's porosity is high, the above rule regarding fragment shapes would be applicable to Ryugu's boulders. This is because impact experiments show that the fragment shapes from catastrophic disruptions of porous targets (a mortar target with 40% porosity) and nonporous targets are similar (Michikami, 2012) ).
First, we investigate the apparent b/a ratios of all the observed boulders on Ryugu. Then, we choose some boulders to measure their apparent b/a and c/a by assuming that boulders' apparent height above the surface represent their c axes. The dimensions of the c axes are derived from images with a viewing angle rotated by 90°with respect to the image used for determining the dimensions of the a and b axes (i.e. c axes are determined by their protrusions of the boulders located at the edge of the image). Fig. 6 shows the histogram of the apparent b/a ratios of boulders with sizes 2 to 140 m across the surface of Ryugu. In the study, boulders located north of 60°N and south of 60°S are excluded because their shapes may not represent the real shapes owing to difficulties in making T. Michikami, et al. Icarus 331 (2019) 179-191 the measurements at high latitudes (We have, however, confirmed that these shape inaccuracies do not significantly influence the boulder size distribution). We excluded nearly 800 of the boulders. This constitutes, however, only~8% of the total number counted, so the influence of the boulders excluded on the apparent b/a ratios of the total would be negligible.
The result shows that the apparent mean b/a ratio of boulders > 2 m is 0.70, which is similar to the ratios of laboratory impact fragments, which lie in the range 0.70-0.74 (Fujiwara et al., 1978; Capaccioni et al., 1984 Capaccioni et al., , 1986 Michikami et al., 2016 Michikami et al., , 2018 . The apparent b/a ratios of boulders on Ryugu have a peak at 0.6-0.7, which is slightly smaller than laboratory impact fragments (0.7-0.8) (Fujiwara et al., 1978; Capaccioni et al., 1984 Capaccioni et al., , 1986 Michikami et al., 2016 Michikami et al., , 2018 . In particular, there are relatively few fragments with b/a < 0.4 in laboratory experiments, while there are several hundreds of boulders with b/a < 0.4 on Ryugu.
On Itokawa, there is a difference in shape between large and small boulders (Table 1) : the apparent mean b/a ratio is 0.62 for boulders larger than 5 m while it is 0.68 for those boulders smaller than 5 m (For the sake of accuracy, note that the former is derived from observations of the entire surface of Itokawa while the latter considers several local areas (Michikami et al., 2010) ). On Ryugu, the apparent mean b/a ratio of boulders > 5 m is 0.68, which is slightly smaller than the ratio of boulders > 2 m: 0.70. In order to investigate the effect of the boulder size on the boulder shapes for Ryugu we use the same data from Fig. 6 , plotting a running-box diagram of apparent mean b/a ratio vs boulder mean size (Fig. 7) . The boulders have been ordered by size and grouped into bins of 200 fragments each. There are clear fluctuations of the apparent mean b/a ratios, which merely reflect the fact that there are numerous small boulders, and fewer large boulders (Michikami et al., 2016) . The apparent mean b/a ratio of the boulders increases as the boulder diameter decreases. At smaller size the apparent mean b/a ratios are similar to or greater than 0.70, similar to laboratory impact fragment ratios (although the apparent mean b/a of boulders smaller than 4 m might not reflect their real shape because of limited image resolution). On the other hand, at larger size the apparent mean b/a ratios are nearly 0.67, slightly less than laboratory impact fragment ratios. Fig. 8 , which uses the data obtained from the five close-up images in Fig. 5 , shows the histograms of the apparent b/a ratios of the small boulder with sizes of 0.02 to 9.1 m. The results show that the mean apparent b/a ratios of these small boulders range from 0.68 to 0.71, values similar to laboratory impact fragments and boulders smaller than 5 m on Itokawa. Fig. 9a shows that the apparent mean b/a ratios of boulders with three different size ranges (≥2 m, ≥5 m and ≥10 m in diameter) as a function of longitude using the same data as Fig. 6 . The apparent mean b/a ratios appear to be approximately constant, regardless of longitude. On the other hand, the apparent mean b/a ratios seem to depend on latitude of Ryugu (Fig. 9b) . Fig. 9b shows that the apparent mean b/a ratios of the boulders with three different size ranges (≥2 m, ≥5 m and ≥10 m in diameter) as a function of latitude, again using the same data set. The apparent mean b/a ratio has a maximum near the equator and a lower peak near 60°N, independent of size range. The same caveat as above applies for boulders located near 60°N and 60°S. Because there are fewer images at high latitudes, data are sparse and boulder shapes may be distorted compared with the boulders at low latitudes. Therefore, in Fig. 9b , we can only state that the apparent mean b/a ratio in the equatorial region is larger than at higher latitudes, which suggests a migration of boulders as described in Section 4.2.
A diagram of b/a and c/a of 121 arbitrarily selected boulders obtained from a few hundred images on 20th July 2018 is shown in Fig. 10a . We selected only boulders whose heights are easily detected by eye in the limited spatial resolution on the entire surface. The mean apparent axial b/a and c/a ratios are 0.71 and 0.44, respectively. According to Michikami et al.'s (2016) impact experiments, mean c/a ratio around 0.44 is indicative of fragments resulting from catastrophic disruption. This implies that the parent body of Ryugu is likely to have experienced a catastrophic rather than a weak disruption. However, note that only a limited number of boulders have been chosen to measure the shape and the entire process may include observational biases that affect computation of the b/a and c/a ratios. For instance, the power-index of the cumulative size distribution of the selected boulders is −1.24 ± 0.12 (Fig. 10b) , which is significantly less steep than the value for all boulders counted across the entire surface of Ryugu (Fig. 1) . Therefore, further investigation is necessary to quantify the shape distribution of boulders, which constrains the origin and evolution of boulders on Ryugu. Fig. 7 . Running box diagram of the mean b/a ratios in each bin including 200 boulders vs the boulder mean diameter, which are the same data presented in Fig. 6 . The error bars are given only for a few points to make the figure legible.
Global data
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Comparison with other asteroids
Our observations suggest that most boulders on Ryugu are likely to be fragments from a catastrophic disruption rather than from impact cratering. In order to better understand this formation scenario, we now compare our observations with other asteroids visited by spacecraft. Michikami et al. (2008) concluded that most boulders on Itokawa were produced by the disruption of the larger parent body of this object. There are three observation results for Itokawa. (1) The relative size of the largest boulder to the largest crater is higher compared with other asteroids previously observed by spacecraft, (2) the boulders are uniformly spread over the entire surface except for a smooth area, independent of the locations of craters, and (3) the number density of the boulders is higher than on other asteroid, such as Eros. These three T. Michikami, et al. Icarus 331 (2019) 179-191 observations also apply to Ryugu (and possibly to Bennu). However, with regard to observation (3), the number density of boulders smaller than 10 m in diameter on Ryugu is lower than on Itokawa, while reverse is true for boulders larger than 10 m. Therefore, on Ryugu, in order to put the volume of the boulders in relation to the total crater volume, we need to investigate the relationship between the total volume of the boulders and the total volume of the ejecta originating from craters. Nearly 30 craters > 20 m in diameter, including crater candidates, are found on Ryugu (Sugita et al., 2019; Cho et al., 2019; Morota et al., 2019) . The total volume of the excavated material of these craters can be estimated to be~2.69 × 10 6 m 3 , assuming that the excavated volume is half that of the crater volume -this method is also used by Thomas et al. (2001) and Michikami et al. (2008) . The crater volume, V, is given by V~0.07 D c
3
, where D c is the apparent crater diameter. The total calculated volume of observed boulders with diameters of 5 to 140 m is~2.54 × 10 6 m 3 , assuming the heights are half the diameter (the mean horizontal dimension). On Ryugu, the total volume of boulders reaches~94% of the excavated volume of these craters. This percentage is considerably greater than on Eros (~0.4%; Thomas et al., 2001) , the Moon (~5%; Cintala et al., 1982) , Toutatis (10%; Jiang et al., 2015) and even Itokawa (~25%; Michikami et al., 2008) . Note that, although accurate data on Bennu's craters and boulders have not yet been disseminated, the percentage on Bennu is considered to be smaller than on Ryugu. This is because, as indicated before, at , the number density of large boulders ≥20 m on Bennu is only half the number density of~50 km −2 on Ryugu, while the powerindex of −2.9 for the boulder size distribution on Bennu is similar to the power index of −2.65 on Ryugu. In addition, the cumulative crater frequency (km
) on Bennu appears to be higher than on Ryugu (see Fig. 3d in Walsh et al., 2019 and Fig. 2E in Sugita et al., 2019) . Thus, the extremely high percentage of the total volume of boulders with respect to the total excavated crater volume on Ryugu strongly supports that the boulders on the surface of Ryugu cannot solely be the products of impact cratering.
Ryugu's high boulder abundance may imply the existence of a special mechanism. In general, for S-type asteroids previously visited by spacecraft, the number density of boulders appears to decrease with increasing asteroid size: the number densities of the boulders > 20 m on Itokawa (0.535 × 0.294 × 0.209 km), Toutatis (~4.6 × 2.3 × 1.9 km) and Eros (34 × 11 × 11 km) are~25 km ) of 20-m boulders on Ryugu (1.04 × 1.02 × 0.88 km) is greater than on Itokawa although Ryugu is larger than Itokawa. A similar tendency is also observed on carbonaceous asteroid Bennu. Here, the number density of 28.2 km −2 for 20-m boulders is slightly larger than on Itokawa, although Bennu is larger (0.565 × 0.536 × 0.498 km; Lauretta et al., 2019) than Itokawa. We attribute this to the fact that Ryugu and Bennu are a C-type and a carbonaceous asteroid, whereas the examples above are S-type asteroids. Carbonaceous chondrites, the main material constituents of Ctype asteroids, are less strong than ordinary chondrites, which come from S-type asteroids (e.g. Popova et al., 2011) . If the material is structurally weak, a large amount of ejecta tends to have lower velocities as indicated by laboratory impact experiments (e.g. Michikami et al., 2007) and can thus accumulate on the surface Therefore, on Stype asteroids, such as Itokawa, Toutatis and Eros, some excavated material, having higher velocities compared with C-type asteroids, may not be able to accumulate on the surface.
In another study, Jutzi et al. (2010) simulated the impact strength of a boulder with a high porosity and suggested that porosity can in fact lead to higher impact strength because it causes higher dissipation of impact energy by pore crushing. Ryugu and Bennu both have higher macroporosities -> 50% (Watanabe et al., 2019) and~50% (Lauretta et al., 2019) , respectively -than Eros (~20%; Wilkison et al., 2002) and Itokawa (~40%; Abe et al., 2006) . Therefore, we cannot completely exclude the possibility of high impact-resistivity of boulders on C-type asteroids. However, in the case of Ryugu's boulders, the material is likely to be structurally weak because a large amount of material was ejected when the Hayabusa2 spacecraft touched down on the surface to collect the sample materials of Ryugu.
Considering observations (1) and (3) for Ryugu, these may indicate that Ryugu's parent body has experienced a heavier catastrophic disruption than Itokawa's. This is because the relative size of the largest boulder to the largest crater and the number density of the boulders on Ryugu are higher than those on Itokawa. For instance, many rugged boulders, which are typically covered with many rows of quasi-parallel layers, are observed in close-up images (e.g. Sugita et al., 2019) . Although some rugged boulders are observed on Itokawa (e.g. Nakamura et al., 2008; Noguchi et al., 2010) , the number of rugged boulders on Ryugu (and possibly on Bennu) is significantly greater than on Itokawa. A rugged surface means that the surface area per unit volume of the boulder is large, i.e. the surface energy during the formation is large. These boulders might have experienced high impact energy during their formation.
Of course, a possibility of boulder erosion by subsequent impact and/or thermal fatigue by the day-night temperature cycles on asteroid surfaces (Delbo et al., 2014; Molaro et al., 2015) cannot be ruled out. However, we consider this possibility to be low because, if erosion occurs, the production of many finer particles and pebbles should result in a steeper size distribution of boulders. Besides, several close-up images illustrate that the minimum size (~cm) of particles forming the regolith layers on Ryugu appears to be larger than that on Itokawa (Watanabe et al., 2019) , and the number densities of small boulders are somewhat smaller than those on Itokawa. This may indicate that boulders on Ryugu have not evolved through erosion. Another explanation for the ruggedness of boulders is that their texture is heterogeneous. Sugita et al. (2019) suggest that the surface materials are a mixture of materials originating from various locations of its parent body. In any case, further investigation of the formation of rugged boulders is required.
Comparison with other observational results of Ryugu
Our observations of Ryugu indicate that the number density of boulders larger than 5 m is lower in the equatorial region than at higher latitudes, while the apparent mean b/a ratio has a higher peak in the equatorial region. On the other hand, there is only very little dependence of the apparent mean b/a ratios on longitude direction, although the number density of boulders is somewhat different on eastern and western sides. In order to explore possible formation and/or evolution processes of boulders in the equatorial region, we now compare our boulder counting results with other observation results, such as Ryugu's shape, crater, and surface features derived from ONC color observations and the Near-Infra Red Spectrometer (NIRS3). We also take Itokawa's and Bennu's boulders into account as necessary.
Lower number density of boulders in the equatorial region
Ryugu has an equatorial ridge considered to consist of mechanically unconsolidated materials (Sugita et al., 2019) . The equatorial aspect ratio is as large as 0.98 (Watanabe et al., 2019) . According to Watanabe et al. (2019) and Hirabayashi et al. (2019) , the global material homogeneity, the constant surface slope between the equator and mid-latitude and the results of their numerical simulations indicate that the topshape of Ryugu was produced by rotation-induced deformation as a result of a short spin period during either the early re-accumulation stage and/or a later stage due to quasi-static rotational acceleration. In other words, these observational results suggest that at a some point in its past, Ryugu rotated much faster, the resultant strong centrifugal force causing mass movement towards the equator (by convection from the interior of Ryugu or surface landslides), resulting in the formation of an equatorial ridge (Watanabe et al., 2019; Sugita et al., 2019; Hirabayashi et al., 2019) . For instance, the regional variation in visible and NIR reflectance is within 15%, suggesting efficient surface mixing processes (Watanabe et al., 2019; Sugita et al., 2019) . Besides, Ryugu does not have smooth areas with low boulder abundance as seen on Itokawa. This observation may indicate that the global uniform migration of unconsolidated materials occurs on Ryugu instead of local migration seen in the smooth area on Itokawa.
According to Sugita et al. (2019) , the existence of unconsolidated materials is also observed from the crater geomorphology. Evidence for wall slumping is seen within some craters, indicating the presence of loose material. The craters on Ryugu do not have flat floors. This means that the craters consist of materials of similar strength (perhaps, unconsolidated materials) up to their depths. In particular, the lack of craters smaller than 100 m may indicate the presence of a crater obliteration mechanism, such as seismic shaking with unconsolidated materials.
As direct evidence for migration, there are many imbricated boulders near the equator. Such imbrication is clearly produced by landslides on the surface (Sugita et al., 2019) . Although the direction of past migration is considered to be from high latitudes to the equatorial ridge, the direction of recent migration is from the equatorial ridge towards the topographic lows at higher latitudes, corresponding to the current geopotential of Ryugu (Sugita et al., 2019) . As evidence of the recent migration, the general spectral slope from b-band (0.48 μm) to x-band (0.86 μm) shows that the surface on the equatorial ridge has a bluer spectral slope, which implies the exposure of fresh surface material (Sugita et al., 2019) . In any case, we think it is reasonable to assume that the migration of unconsolidated materials must have occurred on Ryugu's surface.
In general, particles smaller in size have higher mobility due to their lower friction angle. By contrast, larger boulders cannot move easily and some boulders are stuck at the surface owing to their larger friction angle (e.g. Miyamoto et al., 2007; Michikami et al., 2010) . In the equatorial region, a large amount of smaller particles (including cobbles and pebbles) which migrated from higher latitudes in the past would still exist, burying themselves and some boulders. As a result, the number density of boulders in the equatorial region would decrease, and consequently the slope (the power-index) of the size distribution of small boulders decreases with decreasing boulder size.
Recent studies on Bennu strongly support the above scenario. The shape of Bennu is very similar to that of Ryugu and is consistent with spin-induced failure at some point in its past (Scheeres et al., 2019) . On Bennu, material movement is observed and some boulders are partially buried by smaller particles (Walsh et al., 2019) . As mentioned before, Bennu's power-index of boulder size distribution is similar to Ryugu's. Moreover, DellaGiustina et al. (2019) suggested that smaller particles preferentially migrate away from higher latitudes, resulting in the relative deficiency of larger boulders in the equator.
Higher peak in the mean b/a ratio of boulders in the equatorial region
It may be difficult to determine the cause of the difference between the equatorial region and higher latitudes in the mean b/a ratio of boulders because the data available at the time of writing are insufficient. However, in this sub-section, one possible scenario is introduced based on the idea of Michikami et al. (2010) . Michikami et al. (2010) , who investigated the shape distributions of boulders on Itokawa and Eros, propose that the actual shape distribution of the boulders on any asteroid is similar to laboratory impact fragments. We believe this study underpins their hypothesis, as shown by the following three observational results.
(i) In laboratory impact experiments, fragment shapes from catastrophic disruptions have been found to behave similarly, independent of various experimental conditions and target materials. Recent studies show that this result has been found to be valid for fragments ranging from several tens of microns to several cm (Michikami et al., 2016 (Michikami et al., , 2018 . (ii) Although only limited data on boulders whose three-axial lengths have been measured are available, the mean b/a and c/a ratios of boulders on Itokawa (Michikami et al., 2016) and Ryugu in this study are similar to laboratory impact fragments. The sizes of these boulders, which are considered to be impact fragments from their parent body, range from several meters to several tens of meters. (iii) The mean b/a ratios of small-and fast-rotating asteroids, i.e. those with a diameter < 200 m and a rotation period < 1 h, which are considered to be monolith bodies, are similar to laboratory impact fragments (Michikami et al., 2010) .
These three observational results strongly suggest that fragment shapes from catastrophic disruptions are independent of their sizes -at least on scales up to 100 m. The theoretical interpretation for this regularity of fragment shapes is recently given by Kadono et al. (2018) .
Note that we do not rule out the possibility that the boulders on Ryugu are actually more elongated than predicted by laboratory-scale collision experiments. However, in light of observation (ii), we consider this to be unlikely.
The existence of a large amount of smaller particles and their mobility may affect the apparent mean b/a ratios of boulders in the equatorial region. We consider boulders to be fragments observed on the asteroid's surface. Assuming that the actual shape distribution of the boulders on Ryugu is similar to laboratory impact fragments, then the deviation from this distribution of the apparent b/a ratios of boulders observed could be indicative of a preferred orientation of the boulders, namely that their c axes are not perpendicular to the asteroid surface (On Itokawa, the orientations of the a axis of most boulders were observed to be parallel to the asteroid surface. Only the orientations of the c axis (or the b axis) would be somewhat random.)
As mentioned before, in the case of Ryugu shown in Fig. 9b , the apparent mean b/a ratios of boulders larger than 5 m in higher latitudes are slightly smaller than the ratios in laboratory impact fragments, i.e. the boulder shapes tend to be more elongated. This may imply that some boulders in higher latitudes are stuck on the surface of Ryugu due to their larger friction angle and remain at their original orientationsfor instance, in the case of Itokawa, the large boulder called pencil is clearly stuck on the surface due to its larger friction angle (Saito et al., 2006) . In the equatorial region on the other hand, the apparent mean b/ a ratios of boulders larger than 5 m are similar to those of laboratory impact fragments. This may be caused by migration of many small particles in the equatorial region. This suggests that small particles might push and vibrate larger boulders in the equatorial region during the migration of small particles and as a result the c axes of most boulders become perpendicular to the surface owing to gravitational stability. On Eros for instance, the mean b/a ratios of boulders are similar to laboratory impact fragments (Michikami et al., 2010) . Almost all boulders on Eros would have been re-orientated after their accumulation by global vibration (e.g. Richardson et al., 2005) and then the c axes of all boulders would be oriented perpendicular to the surface because the gravity of Eros is considerably larger than that of Itokawa (Michikami et al., 2010) . After all, reorientations of boulders would occur in the equatorial region of Ryugu.
Conclusions
We have identified~4400 boulders ≥ 5 m in mean horizontal dimension on the entire surface (~2.7 km , which is twice as large as on Itokawa (or Bennu). The ratio of the total volume of boulders ≥ 5 m to the total excavated volume of craters > 20 m on Ryugu can be estimated to be~94%. This ratio is significantly larger than other asteroids such as Eros (~0.4%; Thomas et al., 2001) , Toutatis (10%; Jiang et al., 2015) and Itokawa (~25%; Michikami et al., 2008) . Boulders on Ryugu appear to be uniformly distributed over the entire surface, although there are slight differences in distribution with longitude and latitude. Together, these observational results suggest that most boulders were produced by the disruption of the Ryugu's larger parent body, as has been described in previous papers (Watanabe et al., 2019; Sugita et al., 2019) .
The cumulative boulder size distribution on the entire surface has a power-index of −2.65 ± 0.05, which is less steep compared with other asteroids visited by spacecraft. This implies that some boulders are buried in a regolith layer consisting of finer particles. We also measured small boulders, cobbles and pebbles in close-up images taken at an altitude of 67-620 m (resolutions 0.7-6 cm/pixel) on 21th September 2018. The results show that the slope (power-index) of the cumulative size distribution gradually decreases with boulder size (e.g. the powerindex is −2.01 ± 0.06 for boulders of 0.1-4.1 m in size and −1.65 ± 0.05 for boulders of 0.02-3.26 m, respectively), supporting the idea that smaller boulders are buried in the regolith layer. Several close-up images directly indicate some buried boulders.
The shape distribution of boulders on Ryugu shows that the apparent mean b/a ratio of boulders larger than 5 m is 0.68, which is similar to the ratios of laboratory impact fragment which lie in the range 0.70-0.74 (Fujiwara et al., 1978; Capaccioni et al., 1984 Capaccioni et al., , 1986 Michikami et al., 2016 Michikami et al., , 2018 . Moreover, the apparent mean axial b/a ratios of boulders ≥ 5 m in the equatorial region range from 0.70 to 0.72, slightly larger values than are found in higher latitudes (0.65-0.69).
From the boulder counting and other observational results on Ryugu, we propose that migration of small particles (including cobbles and pebbles) occurred from higher latitudes to the equatorial region during the formation of the equatorial ridge, and a large amount of these small particles still exists in the equatorial region (although the direction of recent migration is from the equatorial ridge towards the topographic lows at higher latitudes, corresponding to the current geopotential of Ryugu). These small particles bury themselves and some boulders, and as a result the number density of the boulders in the equatorial region is lower than at higher latitudes. Moreover, during migration these small particles may push and vibrate boulders in the equatorial region, resulting in the boulders "lying down" on the surface, i.e. with their c axes predominantly orientated perpendicular to the surface owing to gravitational stability. As a result, the apparent mean axial b/a ratio of boulders is higher in the equatorial region than higher latitudes.
